Abstract. This communication describes the partial purification of an enzyme in Escherichia coli that is capable of a low-energy transfer of organically bound phosphate to nucleosides, nucleoside 5'-phosphates, and deoxyribonucleoside 5'-triphosphates. With the exception of adenosine, the nucleosides give rise almost exclusively to 2'-and 3'-nucleotides. Thymidine and its derivatives are the best acceptors of phosphate groups. Since 5'-nucleotides are converted in high yields to the nucleoside 3',5'-or 2',5'-diphosphates, the enzyme may be regarded as a nucleotide phosphotransferase. In the ribonucleotide series, the aglycone affects the relative amounts of 2' and 3' derivatives. The noteworthy formation of nucleoside tetraphosphates suggests several regulatory functions of this enzyme which are discussed briefly.
In surveying the nucleoside phosphotransferases of E. colil we have encountered what appears to be a new enzyme which could best be described as a low-energy nucleotide phosphotransferase: an enzyme transferring organically bound ester phosphate to the 3' or 2' hydroxyl of a nucleoside 5'-phosphate or even a nucleoside 5'-triphosphate. Since the enzyme is not yet fully purified, it cannot be decided whether all the activities reported below should be attributed to the same protein. We describe here our first observations of this enzyme system and consider its interesting regulatory potential.
Materials. The enzyme was isolated from E. coli W. The frozen cells, grown on a high-peptone medium and harvested in the late logarithmic phase, were supplied by General Biochemicals, Chagrin Falls, Ohio. The nucleosides and nucleotides were purified commercial preparations. The phosphate donor employed in most experiments was disodium p-nitrophenylphosphate (Calbiochem). DEAE-cellulose type 40 was obtained from Schleicher & Schuell. We are grateful to Dr. A. F. Wu for iuridine2 used in a few experiments.
Enzyme purification: All operations were performed in the cold. Frozen cells (12.5 g) were ground in a mortar with 20 g of alumina for 10 min, when 10 ml of 0.1 M sodium acetate (pH 6) were added and grinding was continued for 5-10 min. The paste, diluted with 30 ml of the same buffer, was centrifuged (1 hr, 20,000 X g) and the supernatant liquid (Step I) adjusted to 30% saturation with (NH-4)2S04 (7 g for 40 ml of extract). After 1 hr, the precipitate collected by centrifugation (20,000 X g, 30 min) was discarded and the supernatant fluid brought to 90% saturation by the addition of solid (NH4)2S04 (18 g/40 ml). The precipitate thus produced within 1 hr (collected at 20,000 X g, 30 min) was dissolved in 0.001 M sodium acetate (pH 6) and dialyzed against two PROC. N. A. S. changes of 1 liter each of the same buffer. The resulting enzyme solution comprising the fraction soluble at 30% and insoluble at 90% ammonium sulfate saturation is designated as Step II.
This solution was then applied to a column (2.5 X 19 cm) of 10 g DEAE-cellulose type 40, previously equilibrated with 0.001 M sodium acetate buffer (pH 6). Approximately 400 ml of this buffer were passed through the column before protein was eluted with a linear gradient. The mixing chamber contained initially 250 ml of 0.005 M sodium acetate, the reservoir the same volume of 0.2 M sodium acetate, both at pH 6. A flow rate of approximately 10 ml/25 min was maintained. Each 10-ml fraction was assayed for protein, transferase, and phosphatase. Those containing the transferase were combined and dialyzed twice, each time against 1 liter of 0.005 M sodium acetate (pH 5). The enzyme solutions (Step III) were stored at -20oC.
Enzyme assays: Column fractions: The fractions eluted from the DEAEcellul)se c lumn were assayed as described previously' with the use of "Incubation Mixture 1," except that p-nitrophenylphosphate was used as the phosphate donor and that the assay mixtures were incubated for 2 hr. pH studies: Solutions of 100 mM p-nitrophenylphosphate in 0.4 M sodium acetate of pH 4.2, 5.1, and 6.0 and in Tris-HCl of pH 7.1, 8 .1, and 9.1 were prepared. The incubation mixture consisted of 0.1 ml of these donor solutions, 0.1 ml of either uridine or cytidine (80 mM), and 0.2 ml of Step III enzyme. Incubation was for 17 hr at 370C.
Acceptor studies: A mixture of 0.1 ml of 400 mM p-nitrophenylphosphate in 400 mM sodium acetate adjusted to pH 5.2, 0.1 ml of the solution of the particular acceptor (concentration to be specified later), and 0.2 ml of Step III enzyme was incubated 17 hr at 370C. Under these conditions, 35% or less of the phosphate donor were converted to inorganic phosphate. Portions were taken to assay the newly formed nucleotide with respect to yield and isomer composition.
Analytical procedures: Customary methods served for the determination of phosphorus4 and protein. 5 The enzymically formed nucleotides, in 0.03-ml portions, were separated by paper chromatography with the use of one of the following solvent systems.
(1), 1-propanol, concd. ammonia, water (11:7:2, v/v/v). This system separated the various nucleotides from the corresponding nucleosides as well as from p-nitrophenylphosphate and p-nitrophenol. It was also used for the separation of the nucleoside diphosphates from the monophosphates and of the nucleoside tetraphosphates from the triphosphates. (2) was similar to (1), but with 0.05 M sodium borate replacing the water. In this solvent the separation of the 5'-nucleotides from the 2' and 3' isomers, which migrate together, is improved. (3) Isobutyric acid, 1 N ammonia, 0.02 M EDTA (100:60:0.8, v/v/v) served for the separation of the different nucleotides when 3'-AMP was used as the phosphate donor.
The separated nucleotides were extracted at 40C with 0.1 N HCl and estimated spectrophotometrically.
The relative proportions of the 2'-, 3'-, and 5'-nucleoside phosphates and of the 2',5'-and 3',5'-ribonucleoside diphosphates were determined by the separation of the nucleotide mixtures, recovered after paper chromatography, by means of liquid chromatography, under pressure, on an anion exchange resin in the Picker Nuclear nucleic acid analyzer. In all cases, elution was performed with KH2PO4 buffers of pH 4.8. The conditions were: for pyrimidine nucleoside monophosphates, 0.01 M; for the adenylic and deoxyadenylic acids, linear gradient of 0.01 to 1 M; for the pyrimidine nucleoside diphosphates, linear gradient of 0.05 to 1 M; for the purine nucleoside diphosphates, linear gradient of 0.25 to 1 M. As the 2' and 5' isomers of guanylic acid could not be separated in the instrument, 3'-guanylic acid was determined relative to the sum of the 2' and 5' isomers, whereas paper chromatography in solvent system 2 gave the amount of 5'-guanylic acid relative to the sum of the 2' and 3' isomers. The relative proportions of the various peaks recorded on the elution profile were, in all cases, estimated by planimetry and related to the absolute amounts afforded by paper chromatography.
Results and Discussion. Isolation of enzyme: An elution pattern on 109 DEAE-cellulose is shown in Fig. 1 and a summary of the same isolation experiment in Table 1 . The elution profile exhibits two peaks (nos. 1 and 3) which have hydrolase, but no transferase activity. The phosphotransferase is confined to the interjacent peak no. 2 which corresponds to
Step III in Table 1 . This enzyme preparation, which represents a roughly 150-fold purification, is contaminated with at least one phosphatase, or possibly two, capable of hydrolyzing p-nitrophenylphosphate. The addition of nucleoside inhibits the hydro-Z 6 lytic activity. Uridine is the weaker acceptor il 2E the transferase reaction ( Fig. 2A) , but the 4 5 6 7 8 9 stronger inhibitor of phosphatase (Fig. 2B) . nucleotide tested so far as donor. All nucleosides and 5'-nucleotides examined served as acceptors of phosphate groups; of the nucleoside 5'-triphosphates investigated those of the deoxyribose series could be phosphorylated readily. In view of the importance that the particular donor-acceptor pair has for the extent to which enzymic phosphate transfer occurs,3 definite state rnents will, however, have to await further experiments. Phosphate transfer to nucleosides: The results are presented in Table 2 . The concentration of acceptor nucleoside in the assay mixture was always 18 mM. Owing to the low solubility of guanosine there remained some solid phase during the incubation. The phosphate donor was p-nitrophenylphosphate.
* Only one nucleotide peak was seen by liquid chromatography of the product. It is, by analogy, considered to be 3'-deoxyguanylic acid, though an authentic specimen of this nucleotide was not available for strict verification.
t In another experiment, the purine ribonucleosides were incubated at a 6 mM concentration. Under these conditions, the yield of total adenylic acid was 4.8 ,umol/ml (80 mol % of acceptor), that of total g ianylic acid 5.5 ,mol/ml (92 mol % of acceptor).
The conclusions can only be provisional, since-to judge from previous experience3-the nature of the phosphate donor, the aglycone of the nucleoside acceptor, the sugar moiety of the latter, and also the particular donor-acceptor pair7 all are of importance for the course of phosphate transfer. Thymine obviously is the most effective aglycone, with the order being thymine > cytosine > uracil. In the pyrimidine series, deoxyribosides are better acceptors than ribosides. The deoxyribosides are phosphorylated almost exclusively at the 3' hydroxyl. Among the ribosides, the purine nucleosides preferentially offer the .3' position for substitution, the pyrimidine nucleosides the 2' positionl. Only adeiiosine yields a sigiiificant proportion of 5'-niucleotide. This is ill complete contrast to the behavior of the nucleoside phosphotransferase of carrot. 3 The enantiomeric ribonucleoside L-uridine occupies, not unexpectedly, a special position. It forms mostly the 5'-nucleotide, and its 2' hydroxyl appears completely inaccessible to the enzyme. This is reminiscent of previous observations on the action of prostate phosphotransferase on this enantiomer. 2 Phosphate transfer to nucleoside 5'-monophosphates: These experiments form the subject of Table 3 . The results are, in many respects, similar to those discussed in the preceding section. All 5'-nucleotides yielded significant amounts of the diphosphates, particularly the deoxyribonucleotides. Thymidylic acid was the most efficient acceptor; with a higher ratio of enzyme to acceptor than shown in Table 3 it was, in fact, converted nearly completely to thymidine 3',5'-diphosphate. The apparent phosphorylation of the cyclic adenosine 3',5'-monophosphate is noteworthy; whether it led, as is not unlikely, to the formation of the 2'-phosphate derivative of the cyclic phosphate could not yet be ascertained. In any event, no effect of the enzyme on the cyclic phosphate was observed in the absence of donor. Phosphate transfer to deoxyribonucleoside 5'-triphosphates: Our preliminary observations are summarized in Table 4 . It will be seen that, with a Interpretations: The 3' hydroxyl of a nucleotide may be said to occupy a privileged position in many biological reactions. For instance, it must be free in a growing nucleic acid chain to receive the neighboring 5'-nucleotide being attached to it by the action of a polymerase. An enzyme capable of phosphorylating a nucleoside triphosphate in the 3' position could hence exercise a regulatory function in the replication of DNA and the transcription of RNA. This is being investigated.
Similarly, an enzyme able to insert a phosphate group into the 3' position of a 5'-nucleotide or of the terminal nucleotide of a polynucleotide could engage in other regulations. The ability of the terminal adenylic acid moiety of a transfer ]RNA molecule to receive its amino acid may be seen as one of many examples.
Another type of possible regulatory influence is suggested by the readiness with which the enzyme system discussed here converts thymidine 5'-phosphate into the 3',5'-diphosphate which is a potent inhibitor of micrococcal nuclease.8 It is also known that nucleoside 3',5'-diphosphates are protected from the attack of a 5'-nucleotidase9; and it should be of interest to study in detail the effect of a 3'-phospho substituent on the ability of a nucleoside triphosphate to act as the phosphate donor in kinase reactions.
Finally, and quite apart from the direct involvement of adenosine 3',5'-diphosphate in several biological reactions,'0'11 it will be remembered that this nucleotide is a constituent of such important cofactors as coenzyme A and 3'-phosphoadenosine-5'-phosphosulfate, just as adenosine 2',5'-diphosphate forms part of the NADP molecule. Although ATP is usually found to be the donor of the phosphate groups in the biosynthesis of these nucleotides, it remains to be -seen whether the versatile enzymes engaged in the low-energy transfer of phosphate groups to nucleosides and nucleotides, of which the one discussed here is an example, do not under circumstances participate in such biosynthetic tasks. These studies are being continued.
